Similar to geophysical and anthropogenic noise, biological contributions to soundscapes vary considerably in frequency, time, and intensity. Fish choruses are a perfect example, contributing significantly to marine biological noise and are used here as an analogue for variations in soundscapes. Their species-characteristic signals vary thus, so do their choruses, which can raise ambient noise levels by up to tens of decibels, for prolonged periods. Multi-species choruses can occur, with varying degrees of temporal and frequency partitioning, or none at all. Australian datasets of underwater noise have been acquired for nearly two decades and multiple fish calling patterns have been detected. Detecting, delineating, and understanding these patterns is non-trivial and a metric relating their contribution to the soundscape with biodiversity or habitat would be an invaluable tool. In recent years, several acoustic indices have been derived, proving useful in the terrestrial domain. Investigation of their application in marine environmental studies has also begun. However, such a plethora of widely varying sources and changing patterns can affect acoustic indices. This paper describes a simple and automatic suite of tools to help identify signals of a wide range of time patterns which are potentially underrepresented or missed by acoustic complexity or biodiversity indices.
INTRODUCTION
The underwater acoustic environment comprises a number of contributions, which make up the local 'soundscape' (Schafer, 1993; Krause, 1999) . These sounds may be biological (biophony, e.g., originating from fish, mammal, or invertebrate sources), geophysical (geophony, e.g., caused by wind, rain, and earthquakes), or anthropogenic (anthrophony, e.g., vessel, construction, or seismic exploration noise) in origin. Thus soundscape ecology, the measurement and understanding of these acoustic components and how they relate to the physical environment and ecology, holds the potential to provide a wealth of information.
The premise behind acoustic and biodiversity indices is that biological sounds are characterized by intrinsic variability in frequency and intensity, while anthropogenic sounds remain comparatively consistent (Farina and Morri, 2008) . Acoustic complexity and biodiversity indices assess changes in acoustic energy in the time or frequency domain (or both) as an analogue for the number of vocalizing individuals or number of species in the area. The greater the variability in the soundscape, the more likely it is to result from biological sounds, the higher the index. This is then thought to provide an indication of the species richness or the overall health of the local ecosystem. In the terrestrial environment, this study of ecoacoustics has already proven a valuable tool for assessing local biodiversity, where a large number of such indices have already been defined (Pieretti et al., 2011; Sueur et al., 2014) . The exploration of how applicable these indices are within the marine environment has begun (McWilliam and Hawkins, 2013; Harris et al., 2016; Kaplan et al., 2015) .
Before drawing conclusions on how acoustic indices relate to the aquatic fauna in the habitats from which they are derived, there is a pressing need to understand soundscape spatio-temporal patterns and how these can affect each index. Some recent attempts have begun to assess whether individual indices are susceptible to anthrophony and geophony (Harris et al., 2016) . However, as marine biological signals occur over a broad frequency range, it is also necessary to assess to what extent each index is affected by biological sources of different spectral or temporal content. Some acoustic events, such as fish choruses, can involve one or more species calling for prolonged periods. A single chorus type or a group of choruses may be acoustically complex, but as the cacophony of signals begins to resemble random noise, they may also raise ambient noise levels significantly, without increasing the long-term acoustic complexity. In addition, as acoustic indices attempt to compress all the information from the soundscape through time into a single number, there is a risk of missing acoustic events of short duration, either because they contribute too little to be detected over the entire dataset, or the recording sampling regime is not sufficient to detect them in the first place. This is important if the acoustic event is a cue for a related short-time event, such as if larval recruitment for a coral reef peaked over a comparatively short period (Meekhan et al., 1993) and recruitment levels were related to the local soundscape (Simpson et al., 2005) .
For nearly two decades, datasets of underwater noise have been acquired around Australia by the Centre for Marine Science and Technology. The Australian Integrated Marine Observing System (IMOS, http://imos.org.au) has provided publicly available soundscape recordings from a handful of locations for nearly a decade (e.g., Erbe et al., 2015 Erbe et al., , 2016 McCauley and Cato, in press ). In addition to numerous other acoustic studies, this has supported the study of fish choruses and their occurrence relative to environmental factors. Fish and invertebrates are some of the most prolific contributors to underwater sound. Therefore understanding how they contribute to the local soundscape over different time scales, and what these patterns tell us about local ecosystem health and diversity, is a major step towards quantifying the local ecosystem through passive acoustic (McCauley, 2001; Parsons, 2010; McCauley, 2012; Parsons et al., 2016a; McCauley and Cato, in press) . Multiple choruses from different species can occur together, with varying degrees of temporal and frequency partitioning or none at all (Parsons et al., 2013 (Parsons et al., , 2016b and calling locations may move onshore/offshore, along coastlines or around river systems, as the fish move to spawn, feed, or migrate (Parsons et al., 2015 (Parsons et al., , 2016b . These fish choruses offer examples of timescales by which biological sources can occur and illustrate parameters that any acoustic index, or suite of indices, needs to incorporate to provide useful representations of the overall ecosystem. This study presents a simple tool to help identify signals of vastly different time patterns that are potentially missed by acoustic complexity or biodiversity indices, in order to better understand the occurrence and ultimately function of animal calls and choruses.
METHODS
Reported fish choruses were compared from a number of sites around Australia to determine if they exhibited the same characteristics or spatio-temporal differences in either sound pressure levels of spectral content. In example cases the timing of daily peak calling and levels throughout the month were compared. To investigate ways to discern and quantify differences in soundscapes from different sites, example recordings were taken from: 1) a temperate estuary; 2) a tropical estuary; 3) tropical nearshore reef; 4) tropical offshore reef 5) tropical coastal site. The recordings included various types of biological and anthropogenic sound, occurring over different timeframes and with different signal characteristics including: 1) with and without a mulloway (Argyrosomus japonicus) chorus comprising energy predominantly between 100 and 700 Hz (Parsons et al. 2013) ; 2) seismic and vessel noise; 3) fish chorus around 250 Hz; 4) fish chorus around 1 kHz; and 5) fish choruses at 250 Hz and 1 kHz.
Recorded time series were calibrated and then Fourier transformed using a 1 s FFT window yielding power spectral density (PSD). As a first step in soundscape analysis, long-term spectrograms were inspected using CHORUS (Gavrilov and Parsons, 2014) . Spectra were averaged over the duration of each recording (duty cycle was typically 200-300 s recordings repeated every 900 s) and PSD percentiles (PSD%) were computed for the entire dataset. Power spectral probability density (PSPD) for each dataset was plotted together with the PSD%, as per Merchant et al. (2013) , to assess the overall contribution of sources to the long-term soundscape. Given the variability in diel patterns that have been previously reported, analysis was conducted on entire days, rather than a specific period of the day. The PSD% plots of the entire recording detect the contributions of choruses at the extreme percentiles even if they only occur for a small period of each day.
To investigate the potential impacts of temporal patterns in biological signals on an acoustic index, a matrix was created to show how signal spectra and duration might change soundscape complexity. PSD was averaged over time windows of increasing length, and the level differences between successive time windows were investigated at a series of 1/3-octave bands. The absolute differences between consecutive 1 s averages were calculated for each 1/3-octave band. These differences were then averaged across each recording (e.g., for the 300 s of each 900 s recording, 299 absolute differences between the 300 consecutive windows were averaged). The process was then repeated six times using 2, 4, 8, 16, 32, and 64 s time-averaging windows. Band-levels might differ depending on when the averaging window starts. Therefore, for the 2, 4, 8, 16, 32, and 64 s windows, calculations were conducted multiple times, with a starting point repositioned, each time
Long-term monitoring of soundscapes: Examples of fish choruses from Australia delayed by 1 s. For the example of a 2 s window, the differences in bandlevels between successive windows were computed twice, once starting at the beginning of the recording, and once starting 1 s into the recording. The average of the successive differences was computed for each of the two series, and the larger average was kept as the maximum average difference in bandlevels for a 2 s analysis window. For the 4 s analysis window, successive bandlevel differences were computed three times, once starting at the beginning of the recording, once offset by 1 s, once offset by 2 s, and once offset by 3 s. The maximum of the average differences in bandlevels was kept. The longer windows were treated in the same manner. For comparisons over greater timescales than a single duty cycle, consecutive recording cycles can be compared in the same way.
As a means of assessing the likelihood that the majority of loud and quiet events were captured in long-term recordings, the dataset's dynamic range was computed cumulatively, adding one recording at a time (Erbe et al., 2016) . PSD% were calculated for the first 300 s recording, and then repeatedly by adding every subsequent 300 s recording. As more 300 s recordings are included, the spread of PSD% levels increases. The dynamic range was defined as the difference between the 1st and 99th PSD levels, averaged over the full frequency band.
RESULTS
An example spectrogram showing a 20-day recording at a temperate river site is shown in Fig.  1 , highlighting some diel patterns of biotic and anthropogenic noise. Similar chorus types, at different locations, were found to occur at very different times of day or peak at different times of the lunar cycle month (Fig. 2a and b, respectively) . Speciescharacteristic chorus spectra can vary significantly (Fig. 2c) and differ between sites. Calls with either harmonics or sidebands of amplitude modulation will have different impacts on acoustic complexity in the frequency domain than more broadband signals and these effects will be dependent on the frequency bands chosen for analysis (e.g., compare Fig. 2c blue line with pink line). Even choruses thought to originate from the same or similar sources were found to differ in received levels and spectra related to positional conditions of source, receiver, and local bathymetry, along with conditions impacting transmission. The power spectral probability density plots in Fig. 3 further illustrate the contributions of different types of choruses to soundscapes at different sites and over varying periods. Given the variability in diurnal patterns, these examples were analyzed including full days, including all data within the recording period, rather than assessing particular times of the day, such as the crepuscular period. Choruses at the tropical offshore reef (e.g., Fig. 3a -d yellow and orange boxes) varied across the lunar period, though only above the 75th percentile, with the lower frequency chorus showing a progressive decline from new to full moon while the higher frequency chorus peaked between the full moon and new moon phases. The median levels were similar throughout days when the choruses were most prominent to the overall recording period for the season, thus the difference between the median and the higher percentiles indicate the level of contribution the fish chorus has to the soundscape. The temperate estuary PSPD plots, which include a particularly intense chorus of a single species, mulloway (Argyrosomus japonicus), also showed differences between summer and winter, this time increasing the median levels at the peak spectral frequency of the chorus (≈300 Hz) by over 20 dB ( Fig. 3e and f) , due to the intensity, duration, and frequent occurrence of the chorus. By contrast, the tropical estuary recording, which contains choruses from several species of fish (Parsons et al., 2016a) produced similar density plots for the upper percentiles between the wet and dry season in terms of levels ( Fig. 3g and h ). Across the seasons, median levels increased by ≈5 dB at frequencies where the fish choruses were most prominent, yet the lower percentiles increased by ≈10 dB. These changes are indicative of a chorus that occurs throughout the year, though more intensely through the wet season and more regularly through the dry season.
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Long-term monitoring of soundscapes: Examples of fish choruses from Australia The three examples of the dynamic range indicator (DRI) from alternative sites in Fig. 4 show how difficult it can be to ensure that all of the important acoustic signals (including seasonal choruses) have been captured. The rate of change in dynamic range as the recording progresses is partly dependent on the ambient noise levels at the start of the recording, thus the slope and M. J. G. Parsons et al. Long-term monitoring of soundscapes: Examples of fish choruses from Australia asymptote can vary ( Fig. 4a and b) . However, Fig. 4c shows that an extreme level event, such as a fish chorus, can occur at any time throughout the entire dataset. This highlights that unforeseen acoustic events may occur, even when it looks as though the significant signals have all been accounted for. Figure 5 illustrates how a tool, such the signal duration matrix, could identify the impacts of different signal types, using the tropical reef soundscape and its biophony as an example. Periods where multiple individual pulsed signals (fish chorus) combined to increase the ambient noise levels significantly, but barely changed the temporal complexity were common ( Fig. 5c and e, black boxes). Loud, broadband impulsive signals can affect not only in the short time-average window (1 or 2 s), but the longer time-averaged windows as well (Fig. 5f, up to 32 s, green box) . Repetitive impulsive signals can be detected, even if ambient noise are raised by a limited amount (Fig. 5b , yellow box) and changes in the grouping of these signals can be picked up across the longer timeaverage signal (Fig. 5d, orange box) . Fig. 5 also highlights how variable the very low frequencies (<20 Hz) are throughout typically all of the recordings (grey-blue boxes) and thus may require further processing.
DISCUSSION
In the underwater world, sound, rather than sight, is the main sensory modality for many species. As a result, marine soundscapes are complex mixtures of acoustic signals, which display a wide range of temporal and spectral characteristics. For example, while the capability for individual variation in fish sound production may be comparatively small, the variety of interspecific signals is substantial and their combined influence on the soundscape with range, propagation, and temporal patterns at any given recording site is complex. When attempting to condense this information into a single or handful of indices, significant contributions may be missed. There are very simple and automatic ways to provide an overview of the soundscape and the contributing signals, such as the PSPD plots and signal duration matrix presented here. A DRI provides an additional tool to qualitatively assess the likelihood that all significant acoustic events have been incorporated in the sampling. While they themselves may not quantify the soundscape, they can provide invaluable information to help evaluate those that attempt to.
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Long-term monitoring of soundscapes: Examples of fish choruses from Australia Acoustic index performance is affected by temporal and spatial patterns. Similar to long-term datasets reported elsewhere, acoustic recordings around Australia have illustrated the variety of temporal patterns present in fish choruses, whether individual or multiple species (McCauley, 2001; 2012; Parsons, 2010; Parsons et al., 2013 Parsons et al., , 2014 Parsons et al., , 2016a . Similar chorus types at different locations may occur at very different times of day or month. Day-to-day chorus presence and level may also be significantly influenced by tidal levels, sometimes to an extent that daily timing may shift by a number of hours within a few days (Parsons, 2010; Parsons et al., 2016a) . Received levels of choruses have correlated with patterns of geophysical variables (Parsons 2010 (Parsons , 2016a , and some evidence suggests that sounds attributed to offshore feeding fish may be associated with light (McCauley and Cato, in press ). Further, these are all observed variations from individual chorus types, yet species-characteristic chorus spectra can vary significantly, adding to the complexity of these patterns. Sources levels can differ significantly between species (Parsons et al., 2012 Luczkovich and Sprague, 2004) and within a species, for example with temperature (Connaughton et al., 2000) . Individual fish calls can be broadband pulses, tonal with harmonics, or even exhibit numerous sidebands of amplitude modulation depending on sampling frequencies and fast Fourier transforms employed in analysis (Parsons et al., 2016a (Parsons et al., , 2016b .
As with reports elsewhere, even some of the most predictable and characteristic sources, such as the coastal evening chorus and crepuscular reef activity of snapping shrimp have shown unexpected spatial and temporal variation (Fisher-Pool, 2015; Lillis et al., 2016; McCauley and Cato, in press) . Similarly, in the coastal environment, a number of choruses have appeared for periods of a few days to weeks in waters off Port Hedland, with the spatial separation between two recording sites suggesting along coast movement (Parsons et al., 2016b) . In addition, signal transmission between source and receiver is highly dependent on range, bathymetry, and watercolumn position of both. Together with several geophysical parameters, these can impact transmission such that two sets of similar signals can have different received spectra, depending on transmission at the time of calling (McCauley, 2012) . Thus even source locations can influence the performance of an acoustic index.
Soundscape variations can range in period, intensity, and spectral content, originate from a multitude of sources, and relate or respond to numerous environmental and anthropogenic factors that might interact. Marine soundscapes are multi-source, multi-driver, multi-response, on a multifrequency, multi-circa scale and what their components mean to the recipient is biologically (species-specific hearing abilities), behaviorally (associated function), temporally (point in lifecycle), spatially (location and propagation of source and recipient), and environmentally dependent. Therefore, summarizing these complexities down to one or two acoustic indices is non-trivial and requires caution. If an index for environmental diversity or health is to be obtained from an acoustic recording, it is necessary to understand how these variations may contribute to changes in that index. Thus, before deriving an index or a suite of indices, this paper has focused more on creating a format under which researchers can identify variations over a wide range of time-scales so that underlying drivers can be interpreted and identified.
The signal duration matrix is a simple tool which, when combined with the PSPD plots and the DRI, can provide valuable information on what types of signals are significantly contributing to the soundscape whether in complexity or energy, short or long duration, and over what frequency band(s). It provides information on absolute differences between samples and spectral level above ambient noise for each sample. Patterns within this matrix and their independent shapes/intensity are then indicative of the acoustic complexity and received level above background noise over a given sample duration, across different temporal scales. While these do not provide a quantitative measure, they do provide support for whether particular signals, such as fish choruses, are likely to have contributed to variations in an acoustic index. It is hoped that this tool could lead to a suggested means of quantitatively characterizing the types of sounds at a given site. There is still the issue of missing acoustic events that may contribute significantly to the soundscape, however, the levels of their impact can be estimated if the probability of the power spectral density and the number of samples with maximum dynamic range are known.
The marine world contains a large number of species that rely on acoustic communication either through sound production or audition, emitting and responding to a variety of signal types. This raises the question of whether any metrics derived from these need to be species or environmentally specific. As identified by Sueur et al. (2014) , one acoustic measure is unlikely to be sufficiently descriptive of the soundscape to draw many useful conclusions without prior knowledge of what is contributing to the soundscape. However, a suite of useful indices would be a valuable tool for quantifying the relationship between soundscape and ecosystem. Harris et al. (2016) suggested four criteria to be met for an underwater acoustic index to be successful, namely: 1) be positively correlated with traditional species assemblage measurements in relevant frequency ranges; 2) be robust to changes in spectral resolution; 3) be robust to the inclusion of natural noise interference (e.g., wind) in the acoustic data set; and 4) be robust to the inclusion of anthropogenic noise interference in the acoustic data set. However, a fifth criterion should be added and that is that it should be robust to the temporal variations in biophony and geophony commonly exhibited in the acoustic data set.
